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Several studies have reported a low inducibility of hepatic cytochrome P4501A (CYP1A) activity in European flounder (Platichthys flesus) following exposure to mixtures of polychlorinated biphenyls (PCBs). Here we report on mechanistic studies toward understanding this low CYP1A inducibility of flounder, involving molecular characterization of the Ah receptor (AhR) pathway as well as inhibition of the CYP1A catalytic activity by PCB congeners. Hepatic cytosolk AhR levels in flounder were determined using hydroxylapatite, protamine sulfate adsorption analysis, or velocity sedimentation on sucrose gradients. AhR levels in flounder (~2-7 fmol/mg protein) were much lower than observed generally in rodents (-50-300 fmol/mg protein). Molecular characterization of the flounder AhR was provided by first-strand cDNA synthesis and amplification of flounder hepatic poly(A) + RNA using RT-PCR. A 690-bp product was found, similar in size to a Fundulus AhR cDNA The specificity of the 690-bp band was established by Southern blotting and hybridization with a degenerate AhR oligonucleotide. The deduced amino acid sequence of the flounder AhR fragment was 59-60% identical to mammalian AhR sequences. Although the AhR is present in flounder cytosoL, we were unable to demonstrate detectable amounts of inducible TCDDAhR-DRE complex in gel-retardation assays. High induction levels of CYP1A protein and associated EROD activity have been previously found in flounder following exposure to 23, 7, . In contrast, the induction of CYP1A catalytic activity by PCB mixtures remains unexpectedly low. Therefore, we further characterized the inhibitory potential of PCB congeners on CYP1A activity in flounder and compared this with inhibitory effects of PCB congeners on rat CYP1A activity. Analysis in vitro demonstrated that 3, 3', 4, 3, 3', 4, 4', 2, 2', 4, 4', 5, 33', 4, 4', 5, , and the commercial PCB mixture Clophen A50 are potent competitive inhibitors of hepatic microsomal CYP1A catalytic activity in flounder and rat The K^ for ethoxyresonifin (0.095 jiM) in flounder is strikingly close to K,'s found for the tested PCBs. This emphasizes the possible involvement of PCB congeners in inhibition of EROD activity in PHAH exposed fish. Finally, our data indicate that flounder CYP1A is more efficient in metabolizing ethoxyresonifin than that of rat CYP1A. c IWS Sodcty of Toxicotogy.
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In the aquatic environment, induction of cytochrome P4501A (CYP1A) and associated ethoxyresorufin-0-deethylase (EROD) activity is commonly used as a biomarker for monitoring exposure of fish to environmental pollutants such as polyhalogenated aromatic hydrocarbons (PHAHs) and polyaromatic hydrocarbons (PAHs) (Bucheli and Fent, 1995; Goks0yr, 1995; Stegeman et al., 1988; Addison et al., 1994; Monosson and Stegeman, 1994; Eggens et al, 1995) . However, fluctuations in CYP1A content and activity have been observed in fish undergoing gonadal recrudescence, suggesting that CYP1A expression may also be regulated by endogenous pathways (Elskus et al., 1992) . Moreover, Besselink et al. (1996) demonstrated low hepatic CYP1A activity in European flounder {Platichthys flesus) upon exposure to the commercial PCB mixture Clophen A50. Decreased responsiveness of CYP1A system in rainbow trout after prolonged exposure to a complex PCB mixture was reported by Celander and Forlin (1995) . These observations on low responsiveness and variable results on CYP1A levels and associated EROD activity seriously hamper the further development and use of EROD activity as a reliable biomarker for exposure of fish to PHAHs and related compounds. The reasons for this low responsiveness are not fully understood and may either be a consequence of an "inefficient" Ah receptor pathway for induction of CYP1A activity by PCBs or may be a consequence of interference of PCB congeners with the catalytic activity of CYP1A in flounder.
The induction of CYP1A is initiated by binding of PAHs, PHAHs, halogenated dioxins, or related compounds to the cytosolic aryl hydrocarbon receptor (AhR) (Poland et al., 1976) . After ligand binding, two molecules of hsp90 dissociate from the Hgand:AhR complex, the receptor translocates into the nucleus where it dimerizes with the Ah receptor nuclear translocator (Arnt) protein and is subsequently converted into its high-affinity DNA binding form (Hoffman et al., 1991; Hankinson, 1995) . The binding of the ligand:AhR:Arnt complex to its specific DNA recognition sequence, the dioxinresponsive element (DRE), in the promoter region of the CYP1A1 gene leads to enhanced transcription of the CYP1A1 gene (Okey et al., 1994; Hankinson, 1995) . Ligand binding to the Ah receptor has been described in mammalian (Denison et al., 1986a,b) as well as some fish species (Lorenzen and Okey, 1990; Hahn et al., 1994) . Interactions between ligand-AhR to synthetic DRE have been found in mammals and chicken Bank et ai, 1992) . In fish, Roy et al. (1996) showed interactions with DRE in tomcod CYPIA.
In a number of fish species, interference of PCB congeners with the catalytic activity of CYPIA has been suggested. Gooch et al. (1989) showed direct inhibition of CYPIA activity by PCB-77 in scup hepatic microsomes. Our own observations showed that Clophen A50 inhibits the effect of TCDD on hepatic EROD activity in flounder with increasing hepatic CYP1A content (Besselink et al., 1997a) . These results suggest direct inhibition of hepatic CYPIA catalytic activity by PCBs residues in hepatic microsomal suspensions. Inhibitory or suppressive effects of PCBs on CYPIA activity may therefore interfere with the interpretations of exposure of fish to environmental contaminants, e.g. PCBs, based on hepatic EROD activity.
In this study we report on the molecular characterization of the Ah receptor pathway for CYPIA induction, as well as on interference of PCB congeners with the CYPIA catalytic activity in flounder. The occurrence and amount of the Ah receptor in flounder hepatic cytosol were studied. In addition, the ability of the Ah receptor to transform after ligand binding and subsequently bind to its DNA recognition site (DRE) was assessed. We also studied and compared the apparent in vitro inhibition of hepatic microsomal CYPIA activity by four PCB congeners and by the commercial PCB mixture Clophen A50 in flounder and, as a comparison, in rat. Gasiewicz and Neal, 1979) . Unlabeled TCDD was a kind gift from Dr. S. Safe (Texas A&M University, College Station, TX). 2, 3, 7, was purchased from Ultra Scientific (Hope, RI). Methylated [mef/iy/-M C]ovalbumin was purchased from New England Nuclear Corporation (Boston, MA). 3, 3', 4, 3, 3', 4, 4', 3, 3', 4, 4', 5, , and 2,2',4,4',5,5'-hexachlorobiphenyl (PCB153) (Ballschmitter et al, 1992) were obtained from CN Schmidt B.V. (Amsterdam, the Netherlands). Tween 80 was obtained from Fisher Scientific (Toronto, Ontario, Canada). Hydroxylapatite (DNA grade, bio-gel HTP) was purchased from Bio-Rad (Richmond, CA). Dimethyl sulfoxide (DMSO) was obtained from Aldrich Chemical Company, Inc., (Milwaukee, WI). Tris, HO, KC1, Na 2 EDTA, NaCl, NaOH, NaN 3 , Na 2 MoO 4 , glycerol, and sucrose were obtained from Merck, Darmstadt, Germany. Bovine serum albumin (BSA), dithiothreitol (DTT), Hepes, Mops, aprotinin, leupeptin, pepstatin A, phenylmethylsulfonyl fluoride (PMSF), tosyl-L-lysine chloromethyl ketone (TLCK), and protamine sulfate (Grade X, from salmon) were purchased from Sigma Chemie, Bomem, Belgium. NADPH was obtained from Boehringer Mannheim, Almere, the Netherlands.
MATERIAL AND METHODS

Chemicals
Animals and cells. European flounder (P. flesus) were caught by beamtrawl in the Western Wadden Sea, the Netherlands (18.0-22.0 cm length class, average age 2 years), disinfected, and acclimatized as described earlier (Besselink et al, 1997b) . Wistar rats (10 weeks old) were obtained from the Laboratory Animal Centre (Wageningen Agricultural University, Wageningen, the Netherlands). Male Hartley guinea pigs (250-300 g) and male SpragueDawley rats (200 g) were obtained from Charles River Breeding Laboratories (Wilmington, DE) and were exposed to 12 h of light and 12 h of dark daily and were allowed free access to food and water. Animals were killed using carbon dioxide and livers were obtained for preparation of cytosol as described below. Killifish (Fundulus hcteroclitus) were obtained as described in Hahn and Karchner (1995) . Mouse hepatoma (Hepalclc7) cells (HEPA-1) were a gift of Dr. T.A. Gasiewicz (University of Rochester, Rochester, NY).
Flounder (n = 12) were orally injected twice at day 1 and 7 with 200 fil gelatin capsules filled with TCDD dissolved in com oil. The final concentration of TCDD administered was 10 fig TCDD/kg body WL Ten days after the first exposure, flounder were killed by cervical transection. Livers were carefully dissected free from the gall bladder, washed in ice-cold 0.9% NaCl, weighed, and stored at -80°C until preparation of microsomes. Male Wistar rat (n = 3) were dosed ip twice at days 1 and 2 with 100 mg Aroclor 1254/kg body wt in com oil (0.5 ml). At day 3 of exposure rats were killed. Livers were dissected free from the gall bladder, washed in ice-cold 0.9% NaCl, weighed, and stored at -80°C until preparation of microsomes.
Buffers. The buffers used for experiments reported in this paper were TS buffer (50 mM Tris-HCl buffer (pH 7.4) containing 0.25 M sucrose), TEGD buffer (0.1 M Tris-HCl buffer (pH 7.6) containing 1 mM EDTA, 1 mM DTT, and 20% (v/v) glycerol), HEDG buffer (25 mM Hepes (pH 7.5) containing 1 mM EDTA, 1 mM DTT, and 10% (v/v) glycerol), HEDGK buffer (HEDG containing 0.15 M KC1), MEDG buffer (25 mM Mops (pH 7.5) containing 1 mM EDTA, 5 mM EGTA, 1 mM DTT, 0.02% NaN 3 , and 10% (v/v) glycerol), MEDGM buffer (MEDG containing 20 mM Na 2 Mo0 4 ), MEDGT buffer (MEDG containing 0.5% (v/v) Tween 80), hydroxylapatite (HAP) suspension (0.1 g HAP/ml MEDGM buffer), and protamine sulfate (PS) suspension (1 mg PS/ml MEDGM buffer).
Preparation of microsomes.
Individual livers of TCDD-treated flounder and Aroclor 1254-treated Wistar rats were homogenized in TS buffer (4 and 2 ml/g liver, respectively), using 10 strokes with a motor-driven Potter-Elvehjem glass and Teflon homogenizer. The hepatic homogenates were centrifuged at 9000# for 30 min. The resulting supematants were centrifuged at 100,000g for 90 min. After resuspending the pellets in TEDG buffer, the hepatic microsome suspensions of both flounder and rat were stored at -80°C until analysis. All handlings were performed at 0-4°C.
Preparation of cytosoL For gel-retardation assays, livers of untreated flounder were homogenized in 2.5 ml HEDG buffer using 10 strokes with a motor-driven Potter-Elvehjem glass and Teflon homogenizer. After centrifugation of the hepatic homogenate for 30 min at 9000g, the resulting supernatant was filtered through glass wool to reduce lipid content and then centrifuged at lOO.OOOg for 90 min. The supernatant (cytosol) was stored at -80°C until use. Sprague-Dawley rat and guinea pig hepatic cytosol was prepared in HEDG buffer as described by Denison et al. (1986a) . For velocity sedimentation analysis on sucrose gradient (SG), hydroxylapatite adsorption analysis (HAP), and PS adsorption analysis (PSAA), fresh flounder livers were rinsed in MEDGM buffer and homogenized in 9 vol of MEDGM buffer plus a mix of proteinase inhibitors (20 JAM TLCK, 5 /ig/ml leupeptin, 13 jtg/ml aprotinin, 7 /xg/ml pepstatin A, and 0.1 mM PMSF) (Hahn et al, 1994) . Cytosol was prepared and stored as described above. Cytosol from HEPA-1 cells was prepared as described earlier for PLHC-1 cells (Hahn et al, 1993) and stored at -80°C until use.
RNA isolation. Flounder hepatic total RNA was isolated using the method described by Chomczynski and Sacchi (1987) . Poly(A) + RNA was the isolated using the Pharmacia Biotech mRNA purification kit as described by the supplier (Roosendaal, the Netherlands). Funduius poly(A) + RNA was isolated as described earlier (Hahn and Karchner, 1995) .
Ah receptor ligand-binding studies. Specific binding of [
3 H]TCDD to hepatic cytosol was measured using velocity sedimentation analysis (SG) (Tsui and Okey, 1981) , HAP (Gasiewicz and Neal, 1982) , and PSAA (Denison et al, 1984) . For SG analysis, aliquots of flounder hepatic cytosol or HEPA-1 cell lysate in MEDGM buffer (5 mg protein/ml and 3.9 mg protein/ml, respectively) were incubated with [
3 H]TCDD (2 nM) in the presence or absence of TCDF (200 nM as competitor for specific binding) for 2 h at 4°C. Following incubation, 300 fil aliquots were layered onto linear (10-30%) sucrose gradients prepared in MEDGM buffer. Gradients were centrifuged at 372,0OOg for 2 h at 4°C in a Beckman vertical-tube rotor. After centrifugation, 200 ^1 fractions were collected and radioactivity was measured in a Beckman LS 5000TD scintillation spectrometer. [ 14 C]Ovalbumin (3.6 S) was added onto each sucrose gradient and used as internal sedimentation marker. The HAP (Gasiewicz and Neal, 1982) and PSAA methods (Denison et al, 1984) were modifications of the published methods (Hahn, manuscript in preparation) . Aliquots of hepatic cytosol (2 mg protein/ml for flounder cytosol and 1 mg protein/ml for HEPA-1) in MEDGM buffer were incubated with L 3 H]TCDD (2 nM) ± TCDF (200 nM) for 2 h at 15°C. After incubation aliquots (0.20 ml for HAP assay and 0.25 ml for PS assay) were added to tubes containing 0.25 ml HAP or PS suspension and incubated for 30 min with gently vortexing every 10 min. One milliliter of MEDGT buffer was added, the pellet was resuspended and transferred onto a pre-wetted Whatman GF/A filter in manifold, and vacuum was applied. The filter was washed three times with MEDGT buffer after which the filter was placed in a scintillation vial containing 10 ml scintillation fluid. Radioactivity was quantified in a Beckman LS 5000TD scintillation spectrometer.
Gel-retardation analysis. Specific binding of transformed flounder, Sprague-Dawley rat, and guinea pig TCDD-Ah receptor complex to a complementary pair of synthetic oligonucleotides, corresponding to wild-type Ah receptor site of mouse DRE3 (Denison et al., 1988a) was determined using gel-retardation analysis basically as described by Bank et al (1992) . The DRE oligonucleotides were synthesized, purified, annealed, and radiolabeled as reported by Denison et al. (1988b) . Cytosol (2 mg protein/ml for flounder and 16 mg protein/ml for all other species) was incubated with DMSO (20 /xl/ml) or 20 nM TCDD in DMSO for 2 h at 20°C. Five microliter of this incubation mixture was added to 16 /xl HEDGK buffer containing poly(dldC) (100 ng for rat cytosol and 200 ng for guinea pig cytosol; flounder cytosol was incubated with either amount of poly(dldC)), mixed, and incubated for 15 min at 20°C. The incubation was continued for 15 min at 20°C after addition of 32 P-labeled oligonucleotide (100,000 cpm, -1.0 ng in 4 /il of HEDG buffer). Analysis of the protein-DNA complexes by polyacrylamide gel electrophoresis and autoradiography was performed as described earlier (Denison el al, 1988a; .
RT-PCR and Southern blotting. PCR primers AhR-A 1 and AhR-B 1 were designed and synthesized as described earlier (Hahn and Karchner, 1995; Karchner and Hahn, 1996) . Flounder poly(A) + RNA purified from 100 ng total RNA was pelleted, washed, and dissolved in 10 fil water. RT-PCR was performed on 3 /il of each sample. Funduius poly(A) + RNA (1 ng) was used as positive control for the AhR primers. Conditions were as described in Hahn and Karchner (1995) , except annealing was at 50°C. Aliquots of the RT-PCR reaction (10 /il) were run on 2% agarose gels, stained with ethidium bromide, and photographed. RT-PCR products were analyzed by Southern blotting using oligonucleotide J2u (5'-GGCTAYCAGTTYATYCATGC-3'), targeted to the conserved sequence GYQFHA (corresponding to amino acids 315-321 of the mouse AhR). The RT-PCR products from four individuals were pooled, cloned into pCNTR (5 Prime-»3 Prime, Inc.) and sequenced in both directions using SequiTherm and SequiTherm Excel long-read cycle sequencing kits (Epicentre Technologies, Madison, WT) and an automated DNA sequencer (LI-COR, Inc., Lincoln, NE). Four clones were sequenced.
EROD inhibition studies. Protein levels in pooled hepatic raicrosomes were measured by the Bio-Rad assay system according to the specifications of the supplier, using crystalline bovine serum albumin as standard. Microsomal EROD activity was measured in hepatic microsomes according to the method of Prough et al. (1978) . The assay was adapted for use in 96-well plates and a fluorospectrophotometric plate reader (Cytofluor 2350, Fluorescence Measurement System, Millipore, Bedford, MA) as described by Besselink et al. (1997b) . Incubations with flounder tissue contained 37.5 fig microsomal protein/ml and 1 mg BSA/ml, whereas rat tissue incubations contained 5 \i.g microsomal protein/ml and 1.03 mg BSA/ml. The extra BSA was added to compensate for differences in total protein concentrations between flounder and rat incubations. EROD inhibition studies with PCB-77, PCB-126, PCB-153, PCB-169, or the commercial PCB mixture Clophen A50 (CloA50) (0-50 txM in DMSO) were performed at seven different ethoxyresorufin (ER) substrate concentrations (0.1-1.5 )iM). Two microliters of inhibitor solution was added to a mixture containing 0.1 M Tris-HC1 buffer (pH 7.8), microsomal suspension, and BSA and shaken for 3 min after which 50 /xl of ER solution was added. The reaction was started after 5 min preincubation by adding 50 ^.1 0.1 mM NADPH and stopped after 5 min by the addition of 50 ^.1 1 M NaOH. The resorufin formed was detected fluorometrically and compared to a calibration curve (0-150 nM resorufin). All incubations were in duplicate and corrected for a blank without NADPH. Rat hepatic microsomal EROD activity was measured at 37°C whereas for flounder hepatic microsomal EROD activity assays were carried out at 25°C.
Analysis of inhibition potency. Curve fitting of the inhibition curves (EROD activity versus logarithm of the competitor concentration) using nonlinear regression was carried out using the software package SlideWrite Plus, Version 5.00 (Advanced Graphics Software, Inc., Carlsbad, CA) at constant ethoxyresorufin concentrations for flounder and rat of 0.6 and 0.4 fiM, respectively, according to the following equation:^ = a 0 + a,/(\ + exp (-(X -a^la^f). The IC50 (molar concentration of inhibitor required to reduce EROD activity to 50% of control) value for each competitor was determined by interpolation from the fitted curves. To extract V mM and K m from obtained data, Lineweaver-Burk plots were plotted with 1/[ER] in fiM"' on the x-axis and \IV (nmol"' * min * mg) on the y-axis. In plots of incubations without inhibitor, the v-axis intercept represents UV mvi and the intercept with the jr-axis represents -\IK m . K { values were calculated using the formula K t = IC50/(l + 
RESULTS
Ah Receptor-Binding Studies
Under the experimental conditions, incubations of HEPA-1 cytosol, used as positive control, resulted in a single specific binding peak for [
3 H]TCDD (2 nM) as detected by velocity sedimentation on sucrose gradient (Fig. 1A) . The radioactive Table 1 . Flounder Ah receptor levels ranged from 1.88 to 6.86 fmol/mg protein depending on the assay used. These levels are much lower than Ah receptor concentrations in rodent species and HEPA-1 liver cells. However, also in the rainbow trout and winter flounder, comparably low levels of Ah receptor were observed (Bank et al, 1992; Hahn et al, 1994; Heilmann et al., 1988) .
Gel-Retardation Analysis
Autoradiograms of interaction of flounder, rat, and guinea pig cytosolic Ah receptor and DRE-containing oligonucleotides in the presence or absence of TCDD are shown in Fig. 2 . Rat and guinea pig autoradiograms reveal a TCDD-inducible Note. Values are expressed as means ± SEM. Number of animals in parentheses. " Data obtained from Hahn et al (1994) . * Data obtained from Heilmann et aL (1988) . c Data obtained from Bank et al. (1992) . d Data obtained from Okey et aL (1979) . ' Data obtained from Denison et aL (1986b) .
•^Data obtained from Lorcntzen and Okey (1990) .
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FIG. 2. Autoradiograms of liganded cytosolic
Ah receptor and DNA complexes of rat, guinea pig, and flounder, analyzed by gel-retardation analysis. Hepatic cytosol was incubated in the absence (-) or presence (+) of 20 nM TCDD, followed by addition of 32 P-labeled DRE oligonucleotide as described under Material and Methods. Arrows indicate the position of TCDDinducible protein-DNA complex.
(see arrow) and a constitutive protein-DRE complex. As was previously shown by , the TCDDinducible band represents the binding of TCDD-AhR complex to 32 P-labeled DRE-containing oligonucleotides. The constitutive protein-DRE band represents binding of an unknown protein to single-stranded 32 P-labeled oligonucleotides. In contrast to rat and guinea pig, no TCDD-inducible protein-DRE complex was observed in flounder under the same experimental conditions. Additional gel-retardation analyses using flounder hepatic cytosol under conditions of high and low ionic strength and different concentrations of poly(dldC) also failed to detect TCDD-inducible protein-DRE complexes (data not shown).
four individual flounder poly(A)
+ RNAs led to a detectable band of approximately 690 bp (Fig. 3, top, lanes 4-7) following separation on 2% agarose and staining by ethidium bromide. In all four individual samples tested, the flounder AhR was expressed. Southern blotting of the flounder RT-PCR products and hybridization using degenerate oligonucleotide AhR-J2u revealed a single band of 690 bp for each individual (Fig. 3, bottom) . The RT-PCR products were cloned and sequenced. The deduced amino acid sequence of the flounder RT-PCR product was 59-60% identical to the PAS domain of mammalian AhRs (Fig. 4) and 61% identical to fAhR-1, a Fundulus ortholog of the mammalian AhRs (Hahn et al., 1997) . Interestingly the flounder sequence shared greater amino acid identity (75%) with the Fundulus AhR-2 sequence identified recently (Hahn and Karchner, 1995; Hahn et al., 1997) .
EROD Inhibition Studies
In order to examine the potency of individual PCB congeners and complex PCB mixtures to interfere with the CYP1A catalytic activity, EROD inhibition studies were performed. In Figs. 5A (rat) and 5B (flounder), the EROD inhibition curves of the tested PCB congeners are shown at ethoxyresorufin concentrations of 0.4 and 0.6 /xM for rat and flounder, respectively. From these curves, IC50 values were calculated which 1 2 3 1500bp-600 bp -
RT-PCR and DNA Sequencing
First-strand cDNA synthesis and subsequent amplification of the killifish (F. heteroclitus) poly(A) + RNA using RT-PCR resulted in a single band of approximately 690 bp (Fig. 3, top,  lane 3) , similar to the size reported by Hahn and Karchner (1995 
Deduced amino acid sequence of flounder RT-PCR product aligned with partial amino acid sequences (PAS domain) of other vertebrate Ah receptors. Amino acid sequences were aligned using ClustalW(l .6) (Thompson et ai, 1994) . GenBank Accession Numbers of the sequences used are: flounder AhR (AF034412); Fundulus AhR2 (U29679); human AhR (L19872); mouse AhR (M94623); rat AhR (U09000); and rabbit AhR (D38226). Amino acids that are identical in three or more of the sequences are boxed and shaded. Similar amino acids are in bold type.
are given in Table 2 . The di-ortho-substituted PCB-153 was the least potent inhibitor of hepatic microsomal EROD activity in both rat and flounder (IC50 values of 31.88 and 19.46 nM, respectively). PCB-126 had the greatest inhibitory potency of the PCBs tested in rat and flounder (IC50 0.24 and 0.30 /iM, respectively). In fact, although the tested PCB congeners showed lower IC50 values in rat than in flounder, the order of inhibitory potencies of the PCB congeners was identical in rat and flounder. Calculated IC50 values for the commercial PCB mixture were 4.24 and 7.39 /AM in rat and flounder, respectively, which was lower than PCB-153 but higher than the three non-ortho-PCBs tested. In Fig. 6 , substrate saturation curves for the CYP1A (EROD) enzyme of rat (A) and flounder (B) hepatic microsomal fractions are given. Hepatic EROD activity increased with increasing concentration ER. Although the maximum EROD activity in rat is higher than in flounder, substrate saturation of the CYP1A enzyme in flounder microsomes is reached at lower ER concentration than in rats.
To calculate the maximum EROD activity (V,^) and the Michaelis constant (K^ with ER as a substrate, double reciprocal Lineweaver-Burk plots were designed and analyzed by linear regression for all inhibitors tested. Figures 7A (rat) and 7B (flounder) show Lineweaver-Burk plots with PCB-126 as inhibitor. From the plots it can be concluded that the observed inhibition of hepatic EROD activity by PCB-126 is competitive in nature for both rat and flounder. In fact, all compounds tested were competitive inhibitors of hepatic EROD activity. V^ and K m values, determined for each congener from the )>-axis intercept (V^"') and x-axis intercept (K m~l ) are given in Table 2 . Maximum average CYP1A activity with ER as a substrate was higher in rat (2.87 nmol/min/mg protein) than in flounder (1.04 nmol/min/mg protein). In contrast, the average Michaelis constant for hepatic EROD activity with ethoxyresorufin as a substrate in rat was higher than in flounder (0.232 vs 0.095 jiM). Using average K m values, inhibition constants (KJ for the tested PCB congeners and CloA50 were calculated ( Table 2 ). The inhibition constant K, was lowest for PCB-126 in rat and flounder (0.088 and 0.041 respectively) whereas highest ATj' s were observed for the di-ortho-PCB-153 (11.690 and 2.670 /xM). K^s for the non-ortho-PCB were in the same order of magnitude (rat, 0.088 to 0.191 fiM; flounder, 0.041 to 0.085 /iM). Intermediate J^'s were calculated for the commercial PCB mixture CloA50 (1.555 and 1.014 pM for rat and flounder, respectively).
DISCUSSION
In previous studies we reported that flounder exposed to complex PCB mixtures show low hepatic CYP1A activity (Besselink et al., 1996 (Besselink et al., , 1997a . Here, possible molecular mechanisms responsible for the apparent low responsiveness of flounder CYP1A upon exposure to PCBs were investigated. The present studies involved molecular characterization of the AhR pathway as well as determining the effect of PCB congeners on CYP1A catalytic activity in vitro.
This report shows for the first time the positive identification of the AhR in the European flounder (P. flesus) by [ 3 H]TCDD binding and by RT-PCR amplification. The hepatic cytosolic Ah receptor is widely distributed in mammalian species and its concentration is commonly found to be 50 to 300 fmol/mg " ^m« wd K m were derived from Lineweaver-Burk plots such as those shown in Figs. 7A and 7B. * IC50 values (molar concentration of inhibitor resulting in inhibition of EROD activity to 50% of control (no inhibitor)) were calculated by non-linear regression curve fitting of inhibition curves (Figs. 5A and 5B) .
c A",*s were calculated from the nonlinear regression curve fits of the inhibition curves shown in Figs. 5A and 5B, using the formula K t = IC50/(l + ,^), with ethoxyresorufin ([ER]) concentrations of 0.4 /iM for rat and 0.6 /LM for flounder. protein (Okey et al, 1979; Denison et al, 1986b) . In contrast, limited data are available on the levels of Ah receptor in fish. In trout hepatic cytosol and the trout hepatoma cell line RTH-149, Ah receptor has been demonstrated (Heilmann et al, 1988; Lorenzen and Okey, 1990 ). More recently, Hahn et al. (1994) identified the presence of the Ah receptor in seven species of teleost and elasmobranch fish by photoaffinity labeling with 2-azido-3-
In the present study we found evidence for the presence of the hepatic cytosolic AhR in flounder using three different AhR binding assays.
Additional evidence for the presence of the cytosolic AhR in flounder liver was provided by amplification of flounder AhR cDNA using RT-PCR (Fig. 3, top) . The size of the PCR product was 690 bp, identical to recently identified Fundulus AhR-2 cDNA (Hahn and Karchner, 1995; Hahn et al, 1997) . The specificity of the flounder AhR cDNA was established by Southern blotting and sequencing. All four flounder samples hybridized to an AhR-specific oligonucleotide probe (Fig. 3,  bottom) . Sequencing of the flounder 690-bp product revealed that its deduced amino acid sequence was more related to the Fundulus AhR-2 sequence (75% identical) than to Fundulus AhR-1 sequence (61% identical), which is closer to mammalian AhRs than AhR-2 (Fig. 4) (Hahn and Karchner, 1995; Hahn et al, 1997) . Although the concentrations of Ah receptor detected in flounder (~4 fmol/mg protein) using the described [ (Table 1) , it should be noted that the Ah receptor levels were very low compared to Ah receptor levels in mammalian hepatic cytosolic tissue (-50-300 fmol/mg protein).
Upon ligand binding and transformation, the cytosolic Ah receptor is transported to the nucleus where it binds to the DRE. Using a complementary pair of synthetic oligonucleotides, corresponding to wild-type Ah receptor site of mouse DRE3, Bank et al. (1992) demonstrated TCDD-inducible protein-DNA complexes by gel-retardation analysis using cytosol from a number of mammalian species, such as rat, guinea pig, mouse cow, and sheep, but not in rainbow trout hepatic cytosol. More recently, a TCDD-inducible protein-DRE complex was observed using hepatic cytosol from several fish species (Hahn and Denison, unpublished results) . In the present study, we were also able to demonstrate TCDD-inducible protein-DRE binding in hepatic cytosol from rat and guinea pig but failed to do so in flounder hepatic cytosol (Fig. 2) . As stated by Bank et al. (1992) , the absence of TCDD-inducible protein-DNA complex in rainbow trout may be due to low levels of Ah receptor in fish or instability of fish Ah receptor. With respect to the levels of hepatic cytosolic Ah receptor, these were low in flounder hepatic cytosol compared to mammalian levels of cytosolic Ah receptor. Indeed, this might have its influence on the absence of a TCDD-inducible protein-DNA complex, but since no clear correlation was observed between cytosolic Ah receptor levels and the degree of liganded AhR-DNA binding (Bank et al, 1992) , other possibilities cannot be ruled out.
For instance, prior to interaction with specific regions of DNA (Ah-responsive elements), the liganded Ah receptor must undergo transformation into a nuclear form (Okey et al, 1994) . Since no DRE binding of TCDD-AhR complex was observed in our study, one or more factors, e.g. Arnt (Hoffman et al, 1991) , necessary for transformation might not be present in flounder hepatic cytosol. Furthermore, Bank et al. (1992) demonstrated that the nucleotide specific interaction of ligandedAhR complex with DRE is highly conserved between mammals. Single nucleotide substitutions in the critical core consensus motif of the murine DRE resulted in a dramatic decrease in induced AhR-DRE complex formation. Until now, limited data are available on whether the core consensus motif of teleost DRE is similar to the mammalian core motif. In rainbow trout and Atlantic tomcod, DRE sequences were demonstrated by Berndtson and Chen (1994) and Roy et al. (1996) . If differences exist between mammalian and fish nucleotide sequence in the core motif of the DRE, the use of mammalian derived DRE in gel-retardation analysis with fish cytosol might result in undetectable TCDD-induced AhR-DRE complexes.
The presented data may suggest that the AhR pathway is only marginally present in flounder with possibly a low responsiveness (no AhR-DRE complexes). This would be in line with reports on low responsiveness of the flounder hepatic microsomal CYPIA enzyme system toward complex PCB mixtures (Besselink et al., 1996) . However, in previous studies we have observed high CYPIA inducibility in flounder upon exposure to TCDD, despite low AhR levels and undetectable AhR-DRE complexes. Hence, the flounder hepatic AhR pathway is functional and the apparent low responsiveness of flounder CYPIA upon exposure to PCBs cannot solely be attributed to a nonfunctional AhR pathway. In a previous study we observed inhibitory effects of CloA50 on TCDD induced catalytic activity but in contrast additive effects on CYPIA protein levels (Besselink et al., 1997a ) Therefore, we posed interference of PCB congeners with CYPIA catalytic activity as a hypothesis for low responsiveness of CYPIA activity in flounder following exposure to PCB mixtures. Here, the effect of in vitro addition of PCB congeners and CloA50 on hepatic microsomal EROD activity in flounder was studied and compared to their effects on rat hepatic microsomal EROD activity.
The results clearly demonstrate the potency of all congeners and CloA50 to inhibit hepatic microsomal CYPIA activity in vitro in a competitive way with inhibition constants (K,) close to the Michaelis constant (K m ) for ethoxyresorufin. Of the PCB congeners tested, the non-ortho-PCB-126 was found to be the most potent inhibitor of the CYPIA activity in both rat and flounder (IC50 0.24 and 0.30 /AM, respectively), followed by PCB-77, PCB-169, and the di-ortho-PCB-153 (Table 2) . The order with which the tested PCBs were capable of EROD inhibition reflects their potencies to induce CYPIA (Safe, 1994) . The commercial PCB mixture CloA50 was intermediate in potency, probably due to the fact that CloA50 is composed of non-ortho-and ortho-substituted PCBs. Overall, the concentration of PCB at which 50% inhibition of CYPIA activity was observed was lower in rat than in flounder, except for the di-ortho-substituted PCB-153.
Surprisingly, inhibition constants (K/s) calculated for the various tested PCBs were higher in rat than in flounder. This consistently indicates that the cytochrome P4501A system in flounder binds the various PCB congeners with greater affinity than the cytochrome P4501A system in rat. In addition, the present data suggest a higher catabolic efficiency of the flounder CYPIA enzyme system toward ethoxyresorufin compared to the rat CYPIA system. Figure 6 clearly demonstrates that the maximum EROD activity in flounder hepatic microsomes is reached at lower ethoxyresorufin concentrations than in rat hepatic microsomes. In addition, the flounder Michaelis constant for ethoxyresorufin (K m ) is lower than in rat (0.095 and 0.232 fiM, respectively). The higher catabolic rate of the CYPIA system toward ethoxyresorufin in flounder compared to rat is also demonstrated when EROD activity is expressed per nanomoles of total hepatic cytochrome P450. In rat, administration of 25 /xg TCDD/kg body wt results in a specific activity of 3.8 nmol/min/nmol P450, whereas in flounder, a specific activity of 5 nmol/min/nmol P450 is observed after administration of 10 /i,g TCDD/kg body wt (Lans, 1995; Besselink et al., 1997b) .
In vitro inhibition of hepatic microsomal EROD activity by PCB congeners was also reported by Gooch et al. (1989) in scup (Stenotomus chrysops). Inhibition of CYPIA catalytic activity by PCB-77 was also observed in the teleost hepatoma cell line PLHC-1 (Hahn etal, 1993) . Competitive inhibition of CYPIA activity by PCB residues present in hepatic tissue might, at least partly, explain low responsiveness of hepatic CYPIA activity in a number of fish species upon exposure to PCBs (Wirgin et al, 1992; Celander and Forlin, 1995) . However, other mechanisms cannot be ruled out since decreased EROD activity is sometimes accompanied by decreasing levels of CYPIA (Gooch et al, 1989; White et al, 1997) . Other mechanisms, such as hepatotoxicity, alterations of heme synthesis, and suicide substrate inactivation of CYPIA by reactive metabolites may also be of influence on suppression of hepatic CYPIA catalytic activity (Gooch et al, 1989) . In addition, Elskus et al. (1992) showed that CYPIA expression and activity in winter flounder (Pseudopleuronectes americanus) from PHAH-contaminated sites was regulated endogenously by estrogens at a pretranslational level. White et al (1997) studied the regulation of scup hepatic cytochrome P4501A1 induction following exposure to PCB-77 and observed a dual effect of transcriptional CYPl A1 mRNA induction and posttranscriptional CYPlAl protein and activity suppression. Furthermore, species differences in response to environmental PHAH exposure are known to exist (Eggens et al., 1996) .
In conclusion, our study clearly demonstrated the presence of the AhR in flounder hepatic cytosol. AhR levels in flounder are clearly lower than in rodents. Although flounder is not as sensitive as rat toward CYP1A induction (Besselink et al., 1997b) , the competitive inhibition of the CYPl A catalytic activity by PCBs occurs at similar PCB concentrations in flounder to those in rat. In addition, flounder CYPl A seems to be more efficient in metabolizing ethoxyresorufin than rat CYPl A. The observed inhibition of EROD activity at PCB levels near the K m for ethoxyresorufin underscores the necessity of caution when using CYPl A catalytic activity as dependable biomarker for monitoring exposure of fish to environmental pollutants such as PHAHs.
